[Abstract] Mouse models have demonstrated utility in delineating the mechanisms underlying many aspects of malaria immunology and physiology. The most common mouse models of malaria employ the rodent-specific parasite species Plasmodium berghei, P. yoelii, and P. chabaudi, which elicit distinct pathologies and immune responses and are used to model different manifestations of human disease. In vitro culture methods are not well developed for rodent Plasmodium parasites, which thus require in vivo maintenance. Moreover, physiologically relevant immunological processes are best studied in vivo. Here, we detail the processes of infecting mice with Plasmodium, maintaining the parasite in vivo, and monitoring parasite levels and health parameters throughout infection.
paperwork to obtain security clearance before being able to order parasites.
Rodent-restricted Plasmodium parasites are classified as BEI level 1; registration instructions are available at http://www.beiresources.org/RegisterLevel1.aspx. 4 . Identify one or two mice to be infected. Typically, we use wild type 9-12 week old C57BL/6 female mice. 5 . Prepare a 1 ml syringe with a 25 g ⅝" needle.
Thaw the vial containing cryopreserved infected erythrocytes rapidly in your gloved
hand. Reposition the vial frequently to minimize the risk of frostbite.
7. Load the syringe with the thawed parasites. The parasites are sensitive to lysis and should be loaded slowly, at a rate of approximately 25 µl per second, to minimize shear stress. Do not pass the infected erythrocytes through the needle more than necessary. 
B. Preparing thin-film blood smears
One of the most classic assays of malaria research is the thin-film blood smear. In this assay, parasitized red blood cells can be visibly identified by the presence of stained nucleic acid, which is present at comparatively low levels in the anucleate mouse red blood cells. This allows simple assessment of parasitemia-the proportion of red blood cells that are infected-using basic light microscopy. Although parasitemia reflects the combined influence of both parasite load and red blood cell density, its simplicity, sensitivity, and precision make it the most useful measure of parasite load for routine work. We recommend collecting blood smears before 12:00 PM due to the circadian rhythm of some species of Plasmodium parasites and their tendency to cytoadhere to the vasculature in later life cycle stages (Note 3).
As per our institutional requirements, we record the weight of the mice throughout the study using a scale with 0.1 g resolution. We also score and document the body condition of the mice, as well as other health parameters (e.g., anemia, activity level, hematuria, neurological complications). These measurements may be useful for assessing the progress of the infection and may be required by your institutional guidelines.
1. Using a pair of sharp surgical scissors, cut off a 0.5 to 1 mm section from the tip of the mouse's tail. The snip should only remove enough of the tail to obtain a drop of blood.
2. In one fluid motion towards the distal end of the tail, gently milk the tail to collect a drop of blood at the tip. In some cases, the drop of liquid may lack obvious red blood cells.
This can occur as a result of severe anemia, but can also occur if the tail snip is too small. If other infection parameters (e.g. day post-infection, animal activity) are inconsistent with severe anemia, re-snip the tail. 4. As the blood will begin to coagulate within several seconds, quickly touch the edge of a second slide to the blood sample at a 45° angle, allowing the blood to spread across the edge (Figures 1B and 1C) . Materials can be saved by scoring and snapping unfrosted slides into quarters using a glass scoring tool, and using these to spread the blood ( Figure 1D ). 5. Apply gentle pressure and evenly spread the blood across the width of the sample slide to obtain a thin-film blood smear (Note 4) ( Figure 1E ). Allow the blood to dry for a few seconds.
Important
6. Place the slides into a rack and submerge the slides in methanol for approximately 5 seconds to fix the smears.
7. Remove the slides from methanol and allow them to air dry, preferably in front of a fan.
While the slides are drying, pipette 1 ml of Giemsa into 250 ml of 1x PBS in a slide staining chamber (Note 5). 9. Thoroughly rinse the slides with water and place them in front of a fan to dry. If counting will be performed immediately, the rinsed slides can also be gently blotted dry and analyzed using the procedures described below. The stained slides are stable; if counting will not be performed immediately, the dried slides can be stored in a slide box at room temperature indefinitely. For routine monitoring, parasite burden is most conveniently calculated as parasitemia. In order to obtain this number, infected erythrocytes must be distinguished from uninfected erythrocytes, leukocytes, and platelets, and care must be taken to differentiate between reticulocytes (immature red blood cells that still harbor some nucleic acid) and parasitized normocytes (fully mature erythrocytes). Debris and platelets can also pose a challenge for inexperienced researchers, as these particles, when associated with erythrocytes, can have the appearance of parasites. For these reasons, it is important to become very familiar with parasite morphology.
Notably, different species of malaria parasites have different predilections for different types of red blood cells. P. chabaudi AS parasites display a preference for normocytes, whereas P. berghei ANKA parasites display a preference towards reticulocytes (Sinden et al., 2002) . This is most apparent during early infection when parasite numbers are low. At higher loads, parasites tend to be found in all erythrocyte stages. Parasites also differ in other properties with which the researcher should become familiar. For example, P.
chabaudi AS parasites cytoadhere, and as a result, ring-stage trophozoites are the main lifecycle stage observed on smears. P. berghei ANKA parasites do not cytoadhere; therefore, all life cycle stages are observed on smears. Our standard practice is to count all stages toward an aggregate parasitemia value; in some cases, it may be preferable to count lifecycle stages separately. See Figure 2 for images of the primary blood stages of Plasmodium parasites.
1. Place a small drop of immersion oil directly onto the smear and find the focal plane on a brightfield microscope with a 100x objective. The smear can also be coverslipped in a mounting medium prior to microscopic analysis, if long-term preservation of the smear is desired. For routine smear analysis, a coverslip is not required. For example, a dose of 10 6 parasites delivered in 100 µl from a passage infection at 10% parasitemia requires 10 µl of whole blood in 1 ml Alsever's solution.
4. Euthanize the passage mouse according to your institutional guidelines and harvest blood via cardiac puncture using a 25 g ⅝" needle and a 1 ml syringe (Note 10). If permitted, avoid cervical dislocation before performing cardiac puncture, as this will cause internal bleeding that reduces blood recovery.
a. Insert the needle approximately 0.5 cm deep into the thoracic cavity ( Figure 4A ).
Pull the plunger to 50 µl to create slight negative pressure. c. Once the heart has been punctured, slowly pull on the plunger until blood ceases to fill the syringe barrel ( Figure 4C) . A good rate of draw is approximately 50 µl per second, which avoids stoppage of the blood flow due to a collapsed heart. Once no more blood is readily entering the syringe, more blood can often be obtained by gently twisting and/or moving the needle while pulling gentle vacuum. This should be done quickly, as the blood clots quickly -typically within a minute or two. An effective cardiac puncture on a 9-12 week old female mouse typically yields 300 to 700 µl of whole blood.
d. Expel the blood from the syringe into a clean 1.5 ml microfuge tube. We typically perform this quickly in the absence of anticoagulant, but tubes containing anticoagulant can be used to reduce the urgency of preparing the inoculum.
e. Quickly dilute the calculated amount of blood into pre-aliquotted and pre-warmed sterile Alsever's solution using a pipetteman.
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5. Administer 100 µl of the inoculum to each mouse by intraperitoneal injection using a 25 g ⅝" needle and 1 ml syringe (Note 11). Perform this step rapidly, as parasite viability decreases quickly. We inoculate all mice within 15 min of the original blood draw to maximize reproducibility. Large experiments require multiple experienced handlers performing inoculations. Gently agitate the inoculum regularly, as the erythrocytes settle rapidly.
6. Monitor the parasitemia as described above.
E. P. berghei ANKA experimental cerebral malaria
Infection of C57BL/6 mice with P. berghei ANKA is the most widely used mouse model of cerebral malaria, one of the most severe complications of Plasmodium infection in humans.
In this cerebral malaria model, infected mice exhibit neurological symptoms such as ataxia, convulsions, and/or paralysis, and typically die between days 6 to 8 post-infection (Baccarella et al., 2014; Coban et al., 2007) . P. berghei has also been used as a model for malaria-associated organ pathology in the liver, lung, and spleen, in addition to the extensively studied cerebral pathology (reviewed by Oca et al., 2013) .
We also note that lethal P. yoelii YM infection follows a similar course as that described here and can largely be performed using the same procedures, although the pathology of this infection is different from that observed in P. berghei ANKA infection of C57BL/6 mice.
1. P. berghei ANKA replicates quickly, and must be passaged earlier than P. chabaudi AS due to the risk of passage mouse mortality. Begin monitoring the parasitemia of the passage mouse on day 3. 4. Take thin-film blood smears daily to track parasitemia, if desired. It is recommended to begin monitoring parasitemia no later than day 3.
Notes
1. KSGH is another anticoagulant buffer that can be used for dilution of parasites (Spence et al., 2011) . We have not ascertained any significant impact on our infections between using Alsever's solution and KSGH, but we prefer Alsever's solution as it is simpler to prepare and is readily commercially available.
2. Cryopreserved parasites have poor viability, and even injection of a seemingly large cryopreserved inoculum can exhibit slow growth. It is not unusual for infections started from cryopreserved stocks to peak as late as day 12, and at relatively low The Authors; exclusive licensee Bio-protocol LLC.
parasitemias; for this reason, if parasites fail to appear in the blood during the expected window, smears should still be monitored for parasites even on days that are typically considered post-acute for P. chabaudi AS or post-lethal for P. berghei ANKA.
3. Parasitemia will progressively decline as the day progresses due to more parasites in later life cycle stages cytoadhering to the vasculature. For the most accurate results when comparing parasitemia for multiple days, it is best to collect smears at roughly the same time every morning.
4. Although traditional protocols push the spreader away from the drop of blood, we pull the spreader across the drop of blood to create a thin-film blood smear. We find this approach to be easier for most individuals to master for preparation of uniform smears.
5. Other buffers, such as Tris-EDTA, can be used for Giemsa staining. However, the pH impacts the quality of the staining. Higher pH, in particular, will prevent the red color from appearing, although this is not vital for parasite identification. Giemsa preparations also vary across vendors, so it is recommended that the Giemsa concentration and duration of staining be titrated upon receipt of a new bottle.
6. A convenient replacement for manual tally counters is VersaCount, a free customizable program (Kim and DeRisi, 2010).
7. Because the course of P. chabaudi approaches the peak approximately one day earlier in males as compared with females, it is possible to "shift" the course of passage forward by a day for convenience in scheduling. We have not observed any significant impact of switching the parasites between male and female mice.
8. Because of cytoadherence of late stage parasites, if a significant amount of time elapses between gathering the thin blood smear and passaging the infection, the parasitemia used to calculate the inoculum concentration will not accurately reflect the parasitemia of the mouse at the time of passage. This will lead to an overestimation of the number of parasites administered to each mouse, which will increase inter-experiment variability.
9. Passage of parasites during the descending, post-peak phase of acute parasitemia is possible, but many of these parasites are dying due to the activation of anti-malarial mechanisms, making it difficult to know the precise number of live parasites being delivered. For this reason, we recommend initiating experiments only from parasites harvested during the ascending parasitemia.
10. Although submandibular blood collection can be used to harvest blood from a passage mouse, cardiac puncture is the preferred technique for obtaining a large, sterile blood sample. Cardiac punctures in 8 week old mice typically yield 300-700 µl of blood, whereas our institutional guidelines only permit submandibular collection up to 50 µl of blood. Submandibular blood collection must also be performed under isoflurane anesthesia, which requires specialized equipment for controlled delivery. The disadvantage to cardiac puncture is that it requires more skill; if it is not performed Copyright © 2015 The Authors; exclusive licensee Bio-protocol LLC.
quickly, the blood can coagulate before sufficient quantities are obtained to prepare the inoculum.
The referenced article published in Journal of Visualized Experiments provides an
instructive video demonstrating how to perform an intraperitoneal injection (Machholz et al., 2012) .
12. We find that marking mouse tails with colored permanent markers is an effective, convenient, and minimally traumatic method for tracking mouse identities. This approach is well suited for short-term experiments, since tails will require routine re-marking every 4-5 days. For long-term experiments, tattooing or other forms of identification are preferred. 
